Computational Simulation of the Formation and Material Behavior of Ice by Chamis, Christos C. et al.
NASA Technical Memorandum 106702 _
9
p..
Computational Simulation of the Formation
and Material Behavior of Ice: _: :
Michael T. Tong and Surendra N. Singhal
Sverdrup Technology, Inc. _
Lewis Research Center Group
Brook Park, Ohio
Christos C. Chamis
National Aeronautics and Space Administration __
............ Lewis Research Center
Cleveland, Ohio
Prepared for the
1994 Energy Technology Conference and Exhibition,
"Materials, Design and Analysis" Symposium
sponsored by the American_Society of Mechanical Engineers
New Orleans, Louisiana, January 23-26, 1994
@
National Aeronautics and
Space Administration ' .
(NASA-/M-I06702) COMPUTATIONAL
SIMULATION OF THE FORMATION AND
MATERIAL BEHAVIOR OF ICE (NASA.







COMPUTATIONAL SIMULATION OF THE FORMATION AND MATERIAL BEHAVIOR OF ICE
Michael T. Tong and Surendra N. Singhal
Sverdrup Technology, Inc.
Lewis Research Center Group
Brook Park, Ohio 44142
and
Christos C. Chamis




Computational methods are described for simulating the formation and the material behavior of ice
in prevailing transient environments. The methodology developed at the NASA Lewis Research Center
was adopted. A three-dimensionaI finite-element heat transfer analyzer was used to predict the thickness
of ice formed under prevailing environmental conditions. A multifactor interaction model for simulating
the material behavior of time-variant ice layers is presented. The model, used in conjunction with lami-
nated composite mechanics, updates the material properties of an ice block as its thickness increases with
time. A sample case of ice formation in a body of water was used to demonstrate the methodology. The
results showed that the formation and the material behavior of ice can be computationally simulated using
the available composites technology.
INTRODUCTION
Ice forms in nature in various ways and comes in contact with manmade structural systems and
their components. The formation of ice on structures can cause undesirable loading which affects their
performance. In severe environments with constantly changing conditions such as temperature and time,
the properties of ice vary significantly. To effectively counteract damaging ice effects, it is necessary (1)
to understand the mechanism of ice formation, (2) to identify the different variables (factors) and environ-
mental conditions that affect the properties of ice, (3) to characterize the material properties of ice, and (4)
to analyze how the ice properties are affected by the combination of (1) to (3).
Experimental investigations of the material behavior of ice are expensive, test specific, and not
always reliable. For instance, the strength of ice as measured under laboratory conditions can be different
by an order of magnitude from multiyear sea ice (ref. 1). General purpose computational simulation
models are needed for a cost-effective and reliable quantitative assessment of the material behavior of ice.
The NASA Lewis Research Center has been developing computational simulation methods and corre-
sponding computer codes for more than two decades to analyze composite materials and/or structures
(ref. 2). These methods and codes are applicable for evaluating the behavior of ice. The objective of this
report was to demonstrate the capability of these computer codes to predict the thickness of the formation
and the properties of ice in prevailing environments. Chosen for the demonstration was a sample case of
ice formation in a body of water to evaluate (1) the time-variant thickness of ice formed under prevailing
environmental conditions and (2) the mechanical and thermal properties of ice at different temperatures
through the ice thickness.
FUNDAMENTALCONSIDERATIONS




thewaterdepth.As thesecondlayerof iceforms,thetemperaturein thefirst layerdecreasesfurther,
causingthematerialpropertiesof thetwolayerstobedifferent.Hence,ablockof iceformedovera











of all thesevariablesonthebehaviorof icerequiredanall-inclusivesimulationmodel.Onesuchmodel,
themultifactorinteractionmodel(MFIM),successfullyusedto simulatethecomplexnonlinearbehavior
of metalmatrixcomposites(ref.3),wasusedto simulatetheicebehavior.MFIM isof theform
p 11 m i
--= x A i (1)
Po i=l
(2)
where P is any property of the material (ice); n is the number of primitive variables; A is the primitive
variable (factor such as temperature); i is the index for the primitive variables; the superscript mi is the
material exponent which represents that property behavior path from the reference to the final value; and
the subscripts F and O refer to the final and reference values, respectively.
The multiplicative form of the MFIM model automatically accounts for the interactive effects of
the individual factors. Obviously, additional factors of a similar form can be added for new variables that
can change the material behavior. The MFIM is applied at the primitive (most basic or fundamental)
variables scale. Thus, the independent effect of each primitive variable is accounted for at the lowest
material scale. The effect on higher scale variables is assessed by using the physical behavior of the
material at its various scales. The behavior of ice does not conform to traditional mechanics theories: ice
is not purely elastic, viscous, or plastic (ref. 1). The MFIM enables the characterization of a completely
general material behavior via a single computational model. In the present report, we demonstrate the
temperature and time effects. Other effects such as impurity content can be demonstrated similarly.
COMPUTATIONAL SIMULATION PROCEDURE
The available computational methods were developed based on naturally exhibited physical
behavior of composite materials and/or structures. These methods are capable of simulating the ice
formationprocesslayerby layer.Thelayerscanbe(1)homogeneousa in thecaseof granulariceusually






Theintegratedprocedurefor thecomputationalsimulationof theformationof iceandthebehavior
of itspropertiesisshownin figure2.Thesimulationbeginswithabodyof water(bottomleft of fig.2).
A finite-elementmodelisdevelopedforthebodyof water.A transientheatransferanalysis(topleftof







(IntegratedCompositeAnalyzer,ref.4) to simulatethemechanicalndthermalpropertiesof iceatall its


















module.Thetemperaturedistributionscan,in turn,beusedto generatethermaloadsin astressanalysis.
Themultitudeof capabilitiesinCSTEMmakeit usefulfor simulatingtheformationof iceundercon-
stantlychangingenvironmentalconditions,usinganonlineariterativeloop.
TheCSTEMcodeisversatilein that,if desired,astructuralanalysiscanbeperformedwithinit










makesit possibleto automaticallycomputethemultiscalecompositepropertiesof anycombinationof
multilayered,multimaterialcompositeconfigurationsaswellasofthedegradedconfigurationsatvarious












Theschematicof anillustrativeiceformationprocessis shownin figure5.A bodyof water
initiallyatroomtemperature(70°F)isexposedto anenvironmentaltemperatureof 0°E Theboundary







conductedonalayer-by-layerbasis.Asthetopsurfaceof thebodyof waterstartsto cool(belowthe
freezingtemperatureof 32°F),icebeginstoform.As water becomes ice, heat equivalent to the latent heat
is released to the surroundings. To simulate the heat release, a temperature-dependent specific heat was
used. The specific heat equivalent to the latent heat was used for the one-degree temperature difference
from 31 to 32 °F. At this temperature, the ice specific heat was used (ref. 6). Heat transfer also occurs :
within the body of water as a result of the free convection of water caused by the thermal gradient. To
simulate this effect, the equivalent thermal conductivity of water was calculated based on the free-


























simulatedfortheentireiceblockasafunctionof time.Themodulusof elasticity(fig. 16),tensilestrength











iceandto characterizeitsmaterialbehavior.A multifactorinteractionmodelwaspresentedfor assessing
thematerialbehaviorof iceformedunderprevailingenvironmentsoveraperiodof time.Themodelis
generalin thatit is applicableto alltypesof ice,isotropicoranisotropic,formedundervariousconditions.
Theenablingcomputercodesweredemonstratedfor asamplecase,whichillustratedtheprocedureand
theimportanceof a layer-by-layersimulationof theformationof iceanditsbehaviorundertheprevailing
environments.Theresultshowedthatthemodulusof elasticityandtensilestrengthof icelayersandof
the entire ice block increase with time as the ice temperature decreases; also, the density of the ice layers
and of the entire ice block decrease. Using computer codes, results such as these can be generated in a
very short time. Collectively, the results demonstrated that the formation process and the properties of ice
can be computationally simulated--making it a cost-effective way.
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Figure 1 .---Generic temperature profile during ice formation process.
Ambient air temperature, < 32 °F.
Layer-by-layer
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Figure 3.--CSTEM analysis and tailoring coupled with Integrated Composite Analyzer
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Figure 4.--lntegrated composite analyzer (ICAN).
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Figure 5.--Semi-infinite body of water exposed to subfreezing tem-
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Figure 7.--Time history of water temperature. Ambient temperature,
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Figure 9.--Time history of ice formation. Ambient temperature,
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Figure 16.--Time history of modulus of elasticity of entire ice block
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Figure 17.--Time history of tensile strength of entire ice block
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Figure 18.--Time history of thermal conductivity of entire ice block
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Figure 20.--Time history of thermal expansion coefficient of entire
ice block as predicted by ICAN.
]2
Form Approved
REPORT DOCUMENTATION PAGE OMBNo. 0704-0188
Public reporting burden for this collection of information Is estimated to average 1 hour per response, including the time for revlew_ng instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and revlewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquaders Services, Directorate for Information Operations end Repods, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.
1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE ',_,NDDATES COVERED
November 1994 Technical Memorandum
4. TITLE AND SUBTITLE
Computational Simulation of the Formation and Material Behavior of Ice
6. AUTHOR(S)
Michael T. Tong, Surendra N. Singhal, and Christos C. Chamis
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135-3191
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)











Prepared for the 1994 Energy Technology Conference and Exhibition, "Materials, Design and Analysis" Symposium sponsored by the American Society of Me-
chanical Engineers, New Orleans, Louisiana, January 23-26, 1994. Michael T. Tong and Surendra N. Singhal, Sverdrup Technology Inc., Lewis Research Center
Group, 2001 Aerospace Parkway, Brook Park, Ohio 44142 (work funded by NASA Contract NAS3-25266); Christos C. Chamis, NASA Lewis Research Center.
Responsible person, Christos C. Chamis, or_ganizationcode 5200, (216) 433-3252.
12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Unclassified - Unlimited
Subject Category 39
13. ABSTRACT (Maximum 200 words)
Computational methods are described for simulating the formation and the material behavior of ice in prevailing
transient environments. The methodology developed at the NASA Lewis Research Center was adopted. A three-
dimensional finite-element heat transfer analyzer was used to predict the thickness of ice formed under prevailing
environmental conditions. A multifactor interaction model for simulating the material behavior of time-variant ice
layers is presented. The model, used in conjunction with laminated composite mechanics, updates the material
properties of an ice block as its thickness increases with time. A sample case of ice formation in a body of water was
used to demonstrate the methodology. The results showed that the formation and the material behavior of ice can be
computationally simulated using the available composites technology.
14. SUBJECT TERMS
Aggressive environments; Composite; Computational simulation; Formation; Freezing;
















20. LIMITATION OF ABSTRACT
Standard Form 298 (Rev. 2-89)
Prescribedby ANSI Std. Z39-18
298-102

_ _ 0_z
: : -
_-_-
..L '_- Q.-
o
Z
o
3

